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Introduction

Several studies havehown the possibility ofachieving superplastic behavior in laminatextal composites
consisting of alternatinéayers of superplastiand non-superplastic materials. Achieving higite sensitivity in
such a laminateequiresthe appropriate choice of component materislcomponent volume fraction as well as
deformation under appropriate conditions of strain rate and temperature. The first investigators to dsielstiois
were Snyder etl. [1], who demonstratedhat a non-superplastic material (interstitisde iron) could be made
superplastic by lamination with a superplastic mateffiale-grained ultrahigh carbon steel (UHCS)). Other
laminates in which superplasticity has been observed in a non-superplastic material include UHCS/stainless steel and
UHCS/aluminum bronze. In these studies, tensile t@ste conducteavith the tensile axiparallel to the layers.
High strain rate sensitivities were observed and are associated with high tensile ductilities. Howehsarvad by
Tsai et al. [2], obtaining high strain rate sensitivity is a necessary but not sufficient cofafittigh elongations.
Tsai et al.studiedthe UHCS/brass laminai@ndfound that, despite astrain rate sensitivity exponent 00.5, only
about 60% elongation was obtained. The low tensile ductdisyltedfrom brittle, intergranularfracture of the
brass. Once cracking started in the brass, cracks penetrated into the UHCS and premature failurd masuliggh
elongations requires achieving high strain rate sensitivity as well as avoiding brittle fracture in thectifsdayer.

In addition to tension, othateformation modes, includingpmpression [3hnd co-extrusion [4]have beerstudied
for deformation response under conditions of high strain rate sensitivity.

Mechanics of Superplastic Deformation in Laminates

The deformation behavior of @ell-bondedlaminate (for the tensile axis parallel to thHayers) can beredicted
assuming isostrain behavior. Calculations using such an approach can cprestitithe strainrate sensitivity of
the laminate as well as the activation energy. Thus the flow stress of the laosinabe obtainedrom the
following relation.

Oam = 101 + f,0, @
where f and §{ are the volume fractions of components 1 and 2, respectardyg, ando, arethe flow stresses for
components Jand 2,respectively. This relationan be usedbr calculating theos-E response of laminates as a

function of temperature, volume fraction of the components angt-8ebehavior of the component materials. The
resultscan be used te@valuatethe influence of these quantities on the stnate sensitivity exponent (m) and
expected flow behavior of the laminate.

In the present study, tt&-o behavior of the component materials, consisting of a superplastic matetiahon-
superplastic material, are represented with the following constitutive equation.
¢ = KD(9)"
E @)
where K is a constant, D is the diffusion coefficient and n=(baimd m isthe strainrate sensitivity exponent of the
material).

For our analysis we consider a laminate consisting of a fine-grained superplastic UHCS material (UHCS-10AI-1.2C)
and a mild steel. This alloy has been shown to exhibit a strain-rate-sensitivity that approaches unity (m = 1) at high
temperatures anldw strain rates. Thisleformation responsesults from a mechanism involving grdioundary

sliding (GBS) which occurs at a rate determined by solute-drag-controlled dislocation glide (glide-controlled GBS). In
this mechanism, thdiffusion coefficient D is fothe diffusion ofaluminum in iron. At higher strain rates, the
dominant deformationmmechanism issolute-drag-controlledislocation creep (glide-controllecdislocation creep),

which produces a strain rate sensitivity exponer®.88. As withglide-controlledGBS, the value of D foglide-
controlled dislocatiortreep isthe diffusivity of aluminum in iron. Grain boundarysliding and glide-controlled

dislocation creep are independent deformation processes and, therefore, the total s&aim) re¢silting fromthese
two mechanisms can be taken as



Etotal = Edislocation creep + EGBS (3)

where Edsiocationcreep s the strainrate from dislocationcreep ancEcss is the strainrate from GBS. Theother
component of the laminate is mild steel, whadforms byclimb-controlled dislocation creep.This deformation
mechanism, which has a strain-rate-sensitivity exponent of 0.2 and a value of D equal to lattice diffusianilFe in
steel), is typically observed in coarse-grained materials at intermediate tempefdtigreleformationmechanism is
the only one expected to be activecoarse-grainedhild steel at thaemperaturesndstrain rates of interest. The
parameters for Equation (2) have been summarized in a recent publication [4].

The flow stress-straimate response dt323K for the component materiadad a50/50 laminate (50% UHCS and
50% mild steel) is shown in Fig. 1la. The results show that the flow stressrateanesponse dhe laminate is
strongly influenced by the stress-strain rate behavior of the stronger component (mild steel at low stemid thées
UHCS material at high strain rates). The UHCS-10AI-1.2C alloy shows the transition from GBS ¢teesfipat a
strain rate ofabout 1¢ s*. The laminate shows the greatest straite sensitivity (d logo / d log €) at
approximately the same strain rate (approaching @48). This is an important finding, since the uniformity of

plastic flow is expected to increase with increasing strain-rate sensitivity.
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Fig. 1. (a.) Stress strain rate behavioffor the component materials in a lamingt¢gHCS-10AI-1.2C and
mild steel)and a50/50 laminate afi323K.(b.) Influence of component material volume fraction on the
stress - strain rate response. (c.) Strain ra@msitivity versustrain rate for thefive laminates shown in
Fig. 1b.
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The influence of componentolume fraction on stress- stramte behavior isshown in Fig 1bfor laminates
containing 90%, 80%, 50%, 20%nd 10% of the UHCS component. The resulting stn@ite sensitivity as a
function of strainrate isshown in Fig. 1c. These resultshow that high straimate sensitivity exponentsan be
achieved in the laminate - exceedimg0.7 in the 90/10 laminate, 0.6 in the 80/20 lamirzeie0.4 in the 50/50
laminate over approximately omkecade instrain rate. Thus eeasonablestrain rate windowexists for deforming
these laminates under conditions of enhanced formability.

The results in Fig. 1 suggest that a critical condition must befandtigh strainrate sensitivity in the laminate -
namely, the harder component must exhibit high strain-rate-sensitivity. Regqemwtlyermetallurgy processed and
mechanically alloyed aluminum alloys have been found to be superplastic at highasesifbetween 10and 100
st (references 1-4 in [5]) and thus offer the possibility for enhancing formability daxitigsion at the strairates
used inthis study. Specifically, twanechanically alloyedaluminum alloys, IN9052 (Al-4Mg-1.1C-0.8) and
IN9021 (Al-4.4Cu-2.0Mg-1.1C-0.80haveshown strairrate sensitivity exponents of 0.3 at straiates of 2 to
approximately 1005 Thus these two alloysffer the possibility of improving formability of aon-superplastic
aluminum at high deformation rates when laminated.

This work wasperformed undethe auspices of thg.S. Department of Energy by awrencelLivermore National
Laboratory under contract No. W-7405-Eng-48.
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